This paper discusses dynamic characteristics of large area ceiling subjected to non-uniformly distributed acceleration due to floor or roof in-plane flexibility in steel structures. Horizontal displacement in the ceiling is separated into static and dynamic components based on multi input problem. It is shown that the ratio of horizontal stiffness of the ceiling to in-plane shear stiffness in the ceiling board governs seismic behavior. Two types of the ceiling brace force corresponding to the static and dynamic displacement is analyzed and its practical evaluation method is proposed. Finally, the method is validated in comparison with finite element analysis.
, , , , 1 0.99 0.99 0.99 1.00 1.00 1.00 0.99 0.99 0.99 2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 3 0.90 0.92 0.93 1.00 1.00 1.00 0.89 0.92 0.93 4 0.99 0.99 0.99 0.99 0.99 0.99 1.00 1.00 1.00 0 0.2 0.4 0.6 0.8 1. 1 1.2 1.1 1.1 1.2 1.1 1.1 1.2 1.5 Numerous conventional suspended large ceilings with insufficient seismic performance have been affected seismic damage such as total or partial collapse in steel gymnasiums or production plants. These circumstances encouraged enforcement of completely new Japanese seismic design specification for the suspended ceiling. The slabs or roofs, from which the ceiling is suspended, are assumed to be completely rigid in the specification. In the contrast, unavoidable seismic deformation is caused in flexible roof without concrete slab in steel structures such as gymnasiums. This paper discusses the large ceiling subjected to non-uniformly distributed acceleration due to seismic roof deformation in these structures. The numerical problem is summarized as well-known multi-input problem. The objective is to clarify unknown seismic behavior and propose evaluation method of seismic forces acting on the ceiling braces by the aid of numerical techniques for this problem. A key concept of additive decomposition of seismic displacement into quasi-static and dynamic part is introduced in this paper. The ceiling is mathematically regarded as the Timoshenko beam supported on elastic foundation. The beam corresponds to the ceiling board and the elastic foundation is equivalent to averaged horizontal stiffness of the ceiling braces. Two differential equations are considered for the two displacement components.
The first static equilibrium is governed by a stiffness ratio which is the ratio of horizontal stiffness of the ceiling to in-plane stiffness of the ceiling. It is stated that the static displacement cause statically indeterminate stress in the ceiling braces. The static displacement also contributes to equivalent participation factors based on the multi-input problem. At first, the equations are exactly solved in complete disregard for in-plane bending deformation of the ceiling board. It is shown that higher vibration modes involving in-plane deformation are potentially excited only when the ceiling is subjected to non-uniformly distributed acceleration and the ceiling board accepts elastic deformation. It is also pointed out that the participation factor of the higher modes becomes greater as the stiffness ratio becomes increases. This finding is slightly corrected based on the Rayleigh-Ritz method to incorporate in-plane bending deformation in the ceiling board. The shape of the second vibration modes remain invariant even if the stiffness ratio changes. Therefor the participation factor slightly increases at a constant rate depending on slenderness ratio for any stiffness ratio. The practical evaluation method for the forces corresponding to the static and dynamic displacements is proposed based on the response spectrum method. The two kinds of the forces are coupled with the convenient SRSS combination method and verified through direct time-history analysis. Finally, the proposed method is verified through comparison with finite element analysis with shell elements and spring elements. Floor responses in typical steel gymnasium are calculated with earthquake motion specified in Japanese standard in the first phase. Then the response acceleration is prescribed at each node of the spring elements in the second phase to obtain the ceiling response. It is shown that the proposed method well predicts the forces calculated by finite element analysis for the three typical ceiling having wide variety of stiffness. It is also confirmed that the brace force in orthogonal direction caused by in-plane bending of the ceiling board is negligibly small compared with one in parallel to seismic motion. The brace forces corresponding to static displacement is critical although higher mode contribution on brace forces is relatively small. The estimated seismic forces in the brace subjected to non-uniformly distributed acceleration go up to roughly three times as compared with the forces subjected to uniformly distributed acceleration at maximum. (2014 年 10 月 9 日原稿受理，2015 年 3 月 9 日採用決定)
